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TO THE EDITOR
Efﬁcient expansion of tissue-speciﬁc
stem cells and progenitor cells is critical
for therapeutic strategies in regenerative
medicine. The cell line of 3T3-J2 cells
has been used clinically for expansion
of human primary epidermal keratino-
cytes (HPEKs; Green, 2008). Although
3T3-J2 cells were originally derived
from mouse embryonic ﬁbroblasts
(MEFs), they are vastly superior in their
ability to support long-term keratinocyte
proliferation (Supplementary Figure S1
online). Determining the mechanistic
basis for this effect may identify the
strategies to improve the efﬁcacy of
therapeutic expansion of epidermal
keratinocytes.
As Wnt/β-catenin signaling stimulates
keratinocyte proliferation (Lim et al.,
2013), we ﬁrst asked whether increased
Wnt expression by 3T3-J2 cells could
contribute to long-term keratinocyte
proliferation. However, gene expression
analysis showed that 3T3-J2 cells and
MEFs express Wnt ligands at similar
levels (data not shown), suggesting that
enhanced Wnt production by 3T3-J2
cells is unlikely to account for their
superior ability to support keratinocyte
proliferation. Unexpectedly, despite
similar levels of Wnt receptors and
inhibitors (data not shown), expression
of Axin2, a well-characterized Wnt/β-
catenin target, was signiﬁcantly lower in
3T3-J2 cells than in MEFs (Figure 1a),
suggesting that Wnt/β-catenin signaling
is reduced in 3T3-J2 cells. In support,
we found that 3T3-J2 cells expressed
a signiﬁcantly higher level of the
Wnt/β-catenin antagonist Dact1 (dapper
antagonist of b-catenin 1) (Cheyette
et al., 2002) than did MEFs (Figure 1b).
As Dact1 can inﬂuence both Wnt-
dependent and Wnt-independent signal-
ing (Kivimäe et al., 2011), we next set
out to determine whether Dact1 expres-
sion inﬂuenced the ability of 3T3-J2 cells
to support keratinocyte proliferation.
Notably, we found that silencing of
Dact1 in 3T3-J2 cells reduced keratino-
cyte proliferation with a corresponding
reduction in epidermal clone size in
clonogenic culture (Barrandon and
Green, 1987; Figure 1c–g and
Supplementary Figure S2a–c online).
As enforced Wnt/β-catenin signaling in
3T3-J2 cells by ectopically expressed
Wnt/β-catenin ligands had similar
effects on keratinocyte proliferation
(Supplementary Figure S3 online), these
results indicate that Dact1 has a critical
role in the ability of 3T3-J2 cells to
support keratinocyte proliferation,
potentially by attenuating Wnt/β-cate-
nin signaling in 3T3-J2 cells.
Although less proliferative, epidermal
clones in Dact1-silenced 3T3-J2 cell
culture expressed p63, a transcription
factor that is essential for the prolifera-
tive potential of epidermal stem cells
(Senoo et al., 2007), at a similar level as
those in control culture (Figure 1h).
Further, p63 phosphorylation, an
early epidermal differentiation marker
(Suzuki and Senoo, 2012), and expres-
sion of involucrin, a marker of terminal
differentiation (Banks-Schlegel and
Green, 1981), were similar in both
cultures (Figure 1i–k). Moreover, kerati-
nocytes from both cultures showed
similar clonogenic potential in subse-
quent passages (Figure 1l and Supple-
mentary Figure S2d online). These
results indicate that the loss of Dact1
in 3T3-J2 cells reduces proliferation of
keratinocytes without promoting their
differentiation.
As transforming growth factor-β
(Tgf-β) also inhibits proliferation of
keratinocytes without inﬂuencing their
differentiation (Shipley et al., 1986), we
next determined whether the Dact1-
dependent regulation of keratinocyte
proliferation by 3T3-J2 cells involved
Tgf-β. As HPEKs express Wnt/β-catenin
ligands (Lim et al., 2013), we ﬁrst asked
whether Dact1 silencing inﬂuenced
Tgf-β expression in response to
exogenous Wnt stimulation. Notably,
silencing of Dact1 in 3T3-J2 cells
enhanced the expression of Tgf-β2,
but not Tgf-β1 or Tgf-β3, in response
to Wnt3A stimulation compared with
control cells at both the mRNA and
protein levels (Figure 2a and b). How-
ever, the basal Tgf-β2 expression was
unchanged in Dact1-silenced 3T3-J2
cells (Figure 2a and b), suggesting that
increased Tgf-β2 expression by 3T3-J2
cells required additional Wnt/β-catenin
stimuli provided by HPEKs. In support,
treatment of 3T3-J2 cells with HPEK-
conditioned medium stimulated Tgf-β2
expression, whereas this effect was
signiﬁcantly suppressed when HPEK-
conditioned media were prepared inAccepted article preview online 22 June 2015; published online 16 July 2015
Abbreviations: Dact1, dapper antagonist of β-catenin 1; HPEK, human primary epidermal keratinocyte;
Igf, insulin-like growth factor; MEF, mouse embryonic ﬁbroblast; TGF-β, transforming growth factor-β
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the presence of LGK974, an inhibitor of
Porcupine essential for Wnt secretion
(Liu et al., 2013; Supplementary Figure
S4 online). These results suggest that in
our coculture system Dact1 counteracts
Tgf-β2 upregulation by 3T3-J2 cells in
response to HPEK-derived Wnt ligands,
thereby preventing Tgf-β2-mediated
inhibition of keratinocyte proliferation.
Among known growth-promoting
factors, insulin-like growth factors (Igfs)
have been implicated in the ability of
3T3-J2 cells to promote keratinocyte
proliferation (Barreca et al., 1992).
Consistent with these ﬁndings,
silencing of Dact1 in 3T3-J2 cells
reduced Igf2 at both the mRNA and
protein levels, whereas Igf1 was unde-
tectable (Figure 2c and d), suggesting
that Dact1 has an important role in
the transcriptional control of Igf2 in
3T3-J2 cells. Moreover, Tgf-β signal-
ing can suppress Igf expression in
human mesenchymal stem cells and
other murine ﬁbroblasts (Ochiai et al.,
2012). Notably, we found that Tgf-β2
treatment further reduced Igf2
expression in Dact1-silenced 3T3-J2
cells, but less so in control 3T3-J2 cells
(Figure 2c). These results suggest
that Dact1 also attenuates Tgf-β signal-
ing, thereby maintaining the relatively
high levels of Igf2 that are critical
for 3T3-J2 cell–mediated keratinocyte
proliferation.
In further support of Dact1-mediated
attenuation of Tgf-β signaling, we
found that Smad2/3 phosphorylation,
an indicator of activated Tgf-β signaling
(Kamato et al., 2013), was higher in
Dact1-silenced 3T3-J2 cells than in
control cells in response to Tgf-β signal-
ing (Figure 2e and f). Further, treatment
with RepSox, a Tgf-β receptor type I
kinase inhibitor (Ichida et al., 2009),
restored Igf2 levels in Dact1-silenced
3T3-J2 cells in a dose-dependent man-
ner (Figure 2g). These results indicate
12
8
4
***
**
**
R
el
at
iv
e
e
xp
re
ss
io
n
R
el
at
iv
e
e
xp
re
ss
io
n
R
el
at
iv
e
e
xp
re
ss
io
n
To
ta
l n
um
be
r
0
0
sh
Ctr
shCtr
30 100 <1 mm
1–5 mm
>5 mm
From
shCtr
Passage 3
sh
Ctr
sh
Da
ct1 –
Hig
h C
a
2+
sh
Ctr
sh
Da
ct1 –
Hig
h C
a2
+
sh
Ctr
sh
Da
ct1 –
Lo
w C
a2
+
From
shDact150
0
100
<1 mm
50
0
P1
From
shCtr
From
shDact1
Fr
eq
ue
nc
y 
(%
)
Fr
eq
ue
nc
y 
(%
)
Br
dU
+
 
(%
)
20
10
0
sh
Da
ct1
sh
Ctr
sh
Da
ct1
sh
Ctr
sh
Da
ct1
shDact1 1.5
1.0
0.5Re
la
tiv
e
p6
3 
le
ve
l
R
el
at
iv
e
In
v 
le
ve
l
pp
63
/p
63
 ra
tio 3
1
0 0
1
0
2
2
p63
p63
Inv
Tub Tub
pp63
Clonogenic
culture
No
feeder
Clonogenic
culture
No
feeder
sh
Ctr
p6
3 
D
N
A
shCtr
sh
Da
ct1
shDact1
sh
Ctr
sh
Da
ct1
––
Low
Ca2+
High
Ca2+
sh
Ctr
sh
Da
ct1
0.5
200
100
0
1.5
1.0
12
6
0
ME
F
3T
3-J
2
ME
F
3T
3-J
2
Axin2
Dact1
Dact1
P2 P3 P1 P2 P3
>5 mm1–5 mm
***
*
Figure 1. Suppression of dapper antagonist of β-catenin 1 (Dact1) in 3T3-J2 cells reduces clonogenic expansion of human primary epidermal keratinocytes
(HPEKs). (a) Relative expression of Axin2. (b) Expression of Dact1 in 3T3-J2 cells. (c) Suppression of Dact1 by shRNA (shDact1) in 3T3-J2 cells. (d) Rhodamine
staining of epidermal clones grown for 14 days. Bar=10mm. (e) Total number of epidermal clones at day 14. (f) Proliferation of keratinocytes in clonogenic
culture at day 7. (g) Size distribution of epidermal clones at day 14. (h) Expression of p63 in representative epidermal clones. Bar=20 μm. (i and j) Western blot of
keratinocytes from clonogenic cultures. HPEKs stimulated with low (i; 0.3 mM) or high (j; 1.3 mM) calcium, as positive controls. (k) Quantiﬁcation of i and j.
(l) Serial culture of equal plated numbers of keratinocytes, grown for 14 days with γ-irradiated fresh 3T3-J2 cells. Left: rhodamine staining at passage (P) 3. Right:
size distribution of epidermal clones over multiple passages. Bar= 10mm. Data shown are mean± SEM (n= 3). **Po0.01; ***Po0.001. MEF, mouse embryonic
ﬁbroblast; shCtr, control shRNA.
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that Dact1 counteracts Tgf-β signaling,
which otherwise reduces Igf2 levels in
3T3-J2 cells.
Although 3T3-J2 cells have been used
extensively in the past ~ 50 years in
both stem cell biology and regenerative
medicine, their extraordinary capacity
to support keratinocyte proliferation
is not yet understood. By dissecting
signaling pathways, we have revealed
the existence of a uniquely conﬁgured
mechanism in 3T3-J2 cells that
optimizes support for keratinocyte pro-
liferation. Our present study shows that
Dact1 has a critical role in this process,
likely through attenuation of both Wnt-
induced Tgf-β2 expression and Tgf-β-
mediated downregulation of Igf2
expression in 3T3-J2 cells (Figure 2h).
Although the involvement of other
signaling pathways and molecules
needs to be fully investigated, our
current ﬁndings hold important implica-
tions for dissecting gene programs con-
trolling keratinocyte proliferation and
improving the efﬁcacy of therapeutic
expansion of epidermal keratinocytes.
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Figure 2. Dapper antagonist of β-catenin 1 (Dact1) attenuates Wnt and transforming growth factor-β (Tgf-β) signaling in 3T3-J2 cells. (a and b) Enhanced
Tgf-β2 mRNA (a) and protein (b) levels in Dact1-silenced 3T3-J2 cells at day 4 by Wnt3A. (c) Reduced Igf2 expression by loss of Dact1 and further suppression
by Tgf-β2 treatment in Dact1-silenced 3T3-J2 cells. (d) Decreased basal Igf2 protein levels in Dact1-silenced 3T3-J2 cells. (e and f) Enhanced Smad2/3
phosphorylation in Dact1-silenced 3T3-J2 cells. (g) Recovery of Igf2 expression by RepSox in Dact1-silenced 3T3-J2 cells. (h) Model for the role of Dact1. Data
shown are mean± SEM (n=3). *Po0.05; **Po0.01. BSA, bovine serum albumin; shCtr, control shRNA.
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TO THE EDITOR
Tumor-associated macrophages are
important factors driving melanoma
progression once neoplastic conversion
has been initiated (Ly et al., 2010; Zaidi
et al., 2011; Clifford et al., 2013; Kiyota
et al., 2014; Tham et al., 2015). There
is another aspect of macrophage beha-
vior potentially related to melanoma.
After neonatal UVR exposure in mice,
an inﬂux of macrophages into the skin
plays a part in enhancing melanocyte
proliferation (Zaidi et al., 2011). It is
speculated that activation of melano-
cytes after UVR is a component of the
UVR damage response that increases
melanoma risk after acute sunburn
(Zaidi et al., 2011; Handoko et al.,
2013), and that targeting macrophages
after sunburn may be a means of
lowering that risk (Wang and Herlyn,
2013). This is of interest as human and
animal work shows that sun exposure
in the early life increases melanoma risk
(Noonan et al., 2001; Whiteman et al.,
2001). A link between the immune
system and melanoma “initiation” is
attractive, as neonatal UVR reduces
delayed-type hypersensitivity immune
responses, resulting in persistent immune
tolerance that could favor tumorigenesis
(McGee et al., 2011).
Using wild-type mice, Zaidi et al.
(2011) elegantly associated macrophage
inﬁltration with melanocyte prolifera-
tion after neonatal UVR exposure, and
then showed that macrophages sorted
from UVR-exposed neonatal mice, when
mixed with melanoma cells, exacerbated
tumor growth upon transplantation. The
melanocyte response to UVR manifests as
activation and proliferation of upper hair
follicle precursors, and their migration
to the epidermis (Walker et al., 2009).
We conﬁrmed the macrophage–melano-
cyte link by injecting clodronate-
ﬁlled liposomes into the skin of neonatal
mice (Handoko et al., 2013). Clodronate
induces macrophage apoptosis, and is the
major experimental means of targeting
macrophages to demonstrate their role
in promoting tumor progression (see,
e.g., Kruse et al., 2013; Fritz et al.,
2014), including in melanoma (Ly et al.,
2010; Kiyota et al., 2014). We showed
that clodronate-liposome treatment signif-
icantly diminished the melanocyte res-
ponse (Handoko et al., 2013). However,
both we and Zaidi et al. (2011) used wild-
type mice that do not develop melanoma
after neonatal UVR. Thus, we hypothe-
sized that with a melanoma-prone mouse
model we could use macrophage deple-
tion as a tool to determine whether the
melanocyte activation inﬂuences mela-
noma development, and whether deple-
tion of macrophages after sunburn may be
a potential prevention strategy.
We utilized Cdk4R24C::Tyr-NRASQ61K
mice, in whichmelanomagenesis is greatly
accelerated by a single neonatal UVB
exposure (Ferguson et al., 2010). The miceAccepted article preview online 2 June 2015; published online 18 June 2015
Abbreviation: PBS, phosphate-buffered saline
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